Abstract-This paper presents the analysis and synthesis of modeling and control of the DC upset resistance butt welding process used in rim production lines. A new control strategy is developed, enabling active control of the welding seam temperature and the upset size. As a result, set-up times and energy consumption are reduced significantly.
I. INTRODUCTION
Various types of wheel rim production lines can be distinguished. This distinction mainly lies in the production of the basis cylinder in the so-called preparation line. A widespread and relatively simple production method is based on the coiling of sheets of metal, which are then welded together with an Upset Resistance butt Welding (URW) process: after cutting-to-length sheets of metal, the sheets are coiled and welded together (see Fig. 1 ). Today's control of the URW 2. welding 3. welddressing 1. coiling preparation line process and the corresponding theoretical basis are mainly based on practical experience. The quality of a weld is evaluated, often manually, by the size and shape of the upset (the weld nugget). The main part of the controller is a lookup table, which is designed by trial and error.
The quality of a weld is actually determined by the resulting material structure. This structure is heavily dependent on the temperature variations in the material, which makes it thus difficult to define the quality of the weld based on the size and shape of the upset. As a result, material and energy consumption are excessive in minimizing the percentage of loss due to cracking at or just beside the welding seam. Furthermore, setting up and tuning of the process every time a different batch of rims is started often takes much time. Hence, reproducibility is a key aspect in control of the URW process. 1 
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The contribution of this paper is twofold. Firstly, a relatively simple but accurate simulation model of the process is designed and implemented in Matlab / Simulink. Secondly, a new control strategy for upset resistance butt welding process is developed, targeting at active control of the temperature as well as of the upset size. This enables minimization of set-up times, active control of the weld quality and minimization of material and energy consumption during the process in combination with a high level of reproducibility. A patent is pending for this control strategy.
After an introduction to the weld process and the welding machine (Sec. II), modeling of the weld process is discussed in Sec. III. The model is validated by experiments and used as a basis for controller design. In Sec. IV the design of a new controller enabling active control of the weld quality is presented. Experiments show the proper working of the proposed control strategy.
II. THE WELD PROCESS
The weld process involved is DC upset resistance butt welding. Two sheets of metal, in this case the sheet endings of a coiled rim, are clamped and pushed together with high pressure, called the upset pressure. Under this pressure, elastic deformation of the material takes place. Next, a high magnitude current is directed through the material. Due to the contact resistance in the joint between the sheet endings, the welding seam, heat is generated. This is called the heating phase of the process. The temperature increases till the yield point of the material in the welding seam is reached. The material starts to yield, forming a weld (upset) and an equilibrium is established between the amount of energy supplied and the rate of yielding. This is called the welding phase. If the desired amount of upset is formed, the current is switched off. After a short moment of relaxation of the material, the pressure is released after which the welded rim is removed. The working envelope is determined by specific ranges of the current and the upset pressure for which good welds are obtained. To this point, these ranges are determined experimentally.
A. The welding machine
The welding machine used is a test setup with a supply pressure of 100 bar and a maximum current of 60 kA. A simplified representation of the setup is shown in Fig. 2 . The coiled rim is hydraulically clamped by the C-frame with a clamping force F cl . A hydraulic system delivers the force F h to push the two sheet endings against each other with a pressure p up . The right part of the C-frame is thus moved in horizontal direction x towards the left one. The initial horizontal distance between the clamps equals x i . Instead of the hydraulic force F h often the pressure delivered by the hydraulic system p h is controlled (see Fig. 3 ). A converter system delivers the current i, which is directed through the material via the electrodes, the clamps of the C-frame. A direct current is used, as this minimizes the amount of sputtering during the process. 
B. Current control system
Currently available welding controllers consists of a closed loop pressure controller tuned by trial and error, and a piecewise open-loop current controller (see Fig. 3 ). Based on the displacement during the weld process and several time constraints, 5 setpoints for the pressure and the electrical current are prescribed by a look-up table. These setpoints are defined in advance and tuned by trial and error.
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III. MODELING
A model of the weld process is designed. The model involves the thermodynamics and dynamics of the working area, the hydraulic system and the converter system. The working area encompasses the clamps and the material amid and in between them (see Fig. 4 ).
A. Thermodynamics of the weld process
Six distinctive parts are determined in the working area (see Fig. 4 ): the material amid (1), in between (2) and beside the clamps (3), the welding seam (4), the nugget on both sides of the welding seam (5) adopted, dividing each part horizontally in sections. The temperature of these sections is assumed to be uniform. Hence, calculation of the corresponding balances of energy leads to a set of partial differential equations, describing the thermodynamics of the weld process. Accordingly, 6 distinctive balances of energy are formulated and assigned to the corresponding sections [7] . The balances of energy incorporate the energy supply by means of heat generation, the loss / supply of energy through conduction, the loss of energy through radiation and the loss / supply of energy through the yielding in the welding seam. The latter one involves the potential or internal energy of the material actually moving from the welding seam to the upset on the welding seam. This is dependent on the speed of deformation or rate of yieldingẋ. Simulation results show that energy loss through convection is very small with respect to conduction and radiation. Moreover, the air circulation in the working area is negligible. Consequently convection is not taken into account.
The specific temperature of a section j then becomes
with ΣQ s,j (t) the total supply of energy and ΣQ l,j (t) the total loss of energy of a section, ρ the specific mass, C p the specific heat of the material and V j (t) the momentary volume of a section.
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The dynamics of the weld process incorporate the dynamical behaviour of the welding machine and of the material in horizontal direction. The hydraulic system is modeled separately. Hence, to this point the welding machine is represented by a moving mass with friction. The elastic and plastic behaviour of the material are represented by a spring respectively a damper. A schematic representation of these dynamics is shown in Fig. 5 . The corresponding model is
with x the displacement of the right clamp of the C-frame, m the moving mass of the welding machine, F h the force delivered by the hydraulic system (see Fig. 2 ), F f the friction force and k m and d m temperature dependent material parameters. 5 . Dynamics of the welding machine and the material, with F h the force delivered by the hydraulic system and x the displacement of the right clamp (see Fig. 2 ).
Measurements show that the viscous friction is negligible and the static friction is very small compared to the Coulomb friction. Hence, the following model for the friction force F f is adopted
with f + and f − the actually measured friction forces in positive and negative moving direction respectively. The clamping forces F cl (see Fig. 2 ) and the corresponding friction forces between the clamps and the clamped material are that high, the corresponding relative displacement may be assumed negligible.
The dynamical behaviour of the material is elastic during the heating phase and plastic during the welding phase. Elastic behaviour is dominated by the stiffness k m of the material, while temperature dependent damping d m dominates the plastic behaviour. Due to the thinness of the metal, the actual horizontal elasticity of the material is smaller than the Young's modulus. This value thus has to be defined experimentally for each new set of coils. The temperature dependent damping during the welding phase d w m (T ) is defined using a linear interpolation between the yield temperature T y and the melt temperature T m of the material
with d m,Ty the initial damping at T (t) = T y , which has to be defined experimentally as well. The yield point actually is a transition region in which the elastic behaviour gradually changes to plastic behaviour. Hence for simulation purposes more extended modeling, taking into account this transition is performed as well. For control purposes however, this is not of importance.
C. Validation of the thermodynamics and dynamics modeling
To validate the modeling of the weld process, simulation results are compared to experimental measurements. Variation of the process parameters, i.e. magnitude of the input pressure p h and the input current i, size of the coiled rim's cross section and material type, assures validation over the complete envelope of working conditions. The displacement x is considered as output (see Fig. 3 ).
In Fig. 6 the results for varying magnitude of electrical current i are shown. These results show good correspondence between the modeled and measured displacements. Experimental validation measurements (the light grey curves) compared to simulation results (the black curves on top) for varying magnitudes of the electrical current. With an initial distance between the clamps of x i = 12.5 mm, the hydraulic force F h is applied (at 0.1 s) to remove irregularities and to achieve good contact in the welding seam. The current is switched on and the material is heated. During this heating phase the material behaviour is elastic. When the yield temperature Ty is reached, this behaviour becomes plastic and the material starts to yield until the electrical current is switched off. F h is released a moment later.
Using thermo-couples and an infrared camera, an approximation of the actual temperature in the welding seam is made to validate the temperature calculation (see Fig. 7 ). The results show that the modeled progress of the temperature compares well to the measurements till the yield point is reached (the heating phase). For final control of the process, only the relative temperature progress with respect to the yield point temperature during this heating phase is of FrB19.5
importance. The correctness of the rest of the temperature calculation is of minor importance to this point.
Based on the results for a complete envelope of working conditions, it is concluded that the presented model for the weld process is suitable for use in model-based controller design.
D. Converter system
The electrical DC current is delivered by a combined inverter and transformer system, the converter system. An output current of 0 to 60 kA is generated corresponding to an input voltage of 0.0 to 1.0 V. The built-in current controller has a bandwidth bw c of approximately 100 Hz, which is much higher than the desired overall control bandwidth. Consequently the converter system is modeled as a 2 nd -order filter with a cut-off frequency at bw c .
E. Hydraulic system
The hydraulic system of the welding machine consists of an electric hydraulic servo-valve in combination with a symmetric hydraulic cylinder. Based on frequency response measurements, a linear model is designed (see [8] ). The resulting model encompasses the linear transfer from u h to p h (see Fig. 3 ).
IV. CONTROLLER DESIGN
Based on the modeling of the weld system, a modelbased controller is developed. The resulting controller is a piecewise linear MIMO feedback tracking controller. In Fig.  8(a) the implementation of the proposed control strategy is shown. As it is relatively difficult and costly to measure the welding seam temperature T ws directly, the controller, i.e. the Weld system, includes an online calculation of the welding seam temperature T ws (see Fig. 8(b) ). In this way the proposed strategy can be implemented easily on the present machines. The temperature calculation is derived from the modeling of the thermodynamics of the process. 
A. Linearisation
Classical linear control theory using frequency-based loop shaping techniques is used to tune the controller. For this purpose, the model of the weld process is linearized. transition from the heating phase to the welding phase in fact encompasses a region rather than a point (see the start of the welding phase in Fig. 9 ). Hence, stability of the total welding phase has to be verified afterwards.
B. Sequential loop closing and loop shaping
From linearisation two linear models describing the heating and the welding phase, H h respectively H w , follow. This leads to a piecewise linear controller C i , with i = h, w the index for the heating respectively the welding phase.
With H i the Weld system and C i the controller, the closedloop system becomes
with q = (T ws , p, x)
T (see Fig. 8 ).
Modeling and experimental validation show that the magnitude of H 
FrB19.5
welding phase only the displacement or deformation x is controlled. Hence, a MISO system with u the inputs and q = x the output, remains. This leads to a SIMO controller C w . Standard loop shaping techniques can be applied to tune C h . In the welding phase however, the system is not decoupled and the two (closed) loops are influencing each other. By applying Sequential Loop Closing (SLC), this effect is taken into account [9] . I.e. if C 
Analogously, after implementation of C Fig. 10 ). Using standard PID actions and filters, all controller parts are designed. In Table I C. Switching control A switching strategy for the transition from the heating to the welding phase connecting the two successive controllers C h and C w , is needed. Reaching the yield point determines the start of the transition of elastic to plastic material behaviour. The transition is described by a decrease of k m and an increase of d m and involves a change in control objectives. The pressure and the temperature of the welding seam are controlled in the heating phase, while the displacement is controlled during the welding phase.
An often used method is the gradual transition between the two point design controllers via linear interpolation. A varying controller gain ζ is defined
with t 1 the starting time of the switching controller and t s the total switching time. The starting time is taken equal to the start of the transition region, the yield point. The linear interpolation leads to the following control output u during switching (see Fig. 11 ).
with u and ε q as in Eq. 6. A thorough stability analysis is the subject of future work. The LPV synthesis probably provides a good framework for this analysis. To this point it is assumed that the system remains stable if the transition from the stable closed loop system T h to the stable closed loop system T w is gradual. This means that t s is limited with a minimum, which is determined experimentally. Fig. 11 . Schematic representation of the control structure during switching.
D. Reference trajectories
As a feedback tracking controller is present now, reference trajectories for the temperature of the welding seam T ws , the output pressure of the hydraulic system p h and the displacement x during the weld process can be designed. In this way the desired weld process dynamics and weld quality can be defined.
During the heating phase, the pressure and temperature are controlled, whereas during the welding phase the displacement is controlled. The design of the trajectories is based on (1) material dependent settings, e.g. the yield temperature, (2) setup dependent settings, e.g. the environmental temperature and the material's cross section size determining the required pressure and (3) user-defined settings, e.g. the amount of FrB19.5 upset and the time the process should take. The grey curves in Fig. 12) show an example of the reference trajectories.
E. Simulation and experimental results
The resulting controller is designed in Matlab/Simulink. The controller is loaded onto a dSpace DS1103 PPC controller board, establishing the connection to the welding machine. In Fig. 12 Experimental results show that the total weld time and the reproducibility of the process are at the required level, comparable to results of the current control system. First results also indicate a significant decrease of energy consumption as well as of the set-up times. Conclusions about material consumption and percentage of loss with respect to the current system can only be drawn after implementation on a commercially available welding machine.
V. CONCLUSIONS
A relatively simple but accurate simulation model is designed. Based on this model a new controller for the upset resistance butt welding process is designed, enabling active control of the weld quality. As a result, energy consumption and set-up times are decreased significantly.
VI. RECOMMENDATIONS AND FUTURE WORK
Implementation and testing of the control strategy on a commercially available welding machine have to show the actual benefits regarding material and energy consumption, the percentage of loss and the set-up times. Preliminary test results show a significant reduction in upset. Furthermore, a thorough stability analysis of the adopted switching strategy has to be performed.
